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Abstract²The aim of this study was to conduct numerical 
Computational Fluid Dynamics (CFD) and experimental analysis 
of the performance of a wind catcher with Horizontally-arranged 
Heat Transfer Devices (HHTD) for hot climate conditions. A 
detailed experimental prototype was created using 3D printing 
and tested in a closed-loop low speed wind tunnel.  An accurate 
geometrical representation of the wind tunnel test setup was 
recreated in the numerical modeling. The airflow supply velocity 
was measured and compared with the numerical data and good 
correlation was observed. Flow visualisation testing was 
conducted to analyse the airflow within the device and also inside 
the ventilated space. The results of the numerical analysis showed 
that the wind catcher with HHTD was capable of reducing the air 
temperature by up to 12 K within the micro-climate depending 
on the outdoor conditions. The technology presented here is 
subject to a UK patent application (1321709.6). 
Keywords-Computational Fluid Dynamics (CFD); natural 
ventilation; passive cooling; wind catcher; wind tunnel 
I.  INTRODUCTION  
There is a large reliance on electricity to run mechanical 
systems to provide ventilation and thermal comfort in buildings 
situated in hot regions. Commercial and residential buildings 
are responsible for 40 % of the world energy usage as well as 
40-50 % of the global carbon emissions [1]. Heating 
Ventilation and Air Conditioning (HVAC) systems consume 
more than 60 % of the total energy use of buildings [2]. This 
represents a significant opportunity for reducing the buildings 
energy consumption and greenhouse gas emissions. Natural 
ventilation devices such as wind catchers are increasingly 
being employed in building design for increasing fresh air rates 
and reducing energy consumption [3, 4]. 
An example of this traditional ventilation device is the 
Malqaf (Figure 1a), a uni-directional wind catcher which is a 
shaft projecting on the roof with a large opening facing the 
predominant wind that captures the air from high elevation and 
directs it downward into the room [5]. Figure 1b demonstrates 
the operation of a uni-directional wind catcher as part of a 
complete ventilation system, which includes an air escape roof 
that extracts the air out of the building. The system primarily 
depends on the air movement caused by the pressure 
differential, although convection produces the stack effect 
aswell.  
  
Figure 1.  (a) Uni-directional Malqaf wind catcher (b) airflow through a 
Malqaf wind catcher and indoor space [5]. 
In hot regions such as the Middle East, using wind catchers 
to provide natural ventilation is a well-known technique [6]. 
However, it is limited in cooling performance, as it only 
depends on the structural design of the wind catcher [7, 8]. 
Therefore it is essential to cool the air in order to reduce the 
building heat load during the summer months. In this study, 
Horizontally-arranged Heat Transfer Devices (HHTD) were 
integrated into the uni-directional wind catcher to reduce the 
temperature of air induced into the ventilated space. 
Computational Fluid Dynamics (CFD) and wind tunnel 
analysis were conducted to investigate the performance of the 
system. An experimental model was created using 3D printing, 
a technique used to quickly manufacture a scale model of a part 
using Computer Aided Design (CAD) data. The scale model 
was tested in a closed-loop wind tunnel to validate the CFD 
results. Flow visualisation experiments were conducted to 
further analyse the pattern of the airflow in the wind catcher 
and the ventilated space.  
a b 
A. Wind Catcher with Heat Transfer Devices 
Figure 2 shows the operation of the wind catcher with 
HHTD. The hot outdoor air enters the wind catcher through the 
louvers which are used to deflect the impact of weather, noise, 
direct sunshine and other small objects from entering the wind 
catcher. The airflow is driven downwards and passed through a 
series of HHTD which absorbs the heat from the airflow and 
transfers it to a parallel cooling system. Manually controlled 
adjustable dampers are mounted at the bottom of the unit to 
control the delivery rate of the RXWGRRU DLU DV ÀXFWXDWLRQV LQ
external wind speed greatly influence the air movement rate 
within the occupied space. The cooled air is supplied to the 
room beneath the channel via the ceiling diffusers. 
 
Figure 2.  Wind catcher with horizontally-arranged heat transfer devices. 
II. PREVIOUS RELATED WORKS 
A number of works have investigated the ventilation and 
thermal performance of wind catchers using numerical and 
experimental analysis. Attia and Herde [9] investigated the 
ventilation performance of a uni-directional wind catcher used 
in low rise buildings. Wind tunnel and flow visualisation 
testing were carried out to evaluate the airflow rate and 
distribution in a test room integrated with the wind catcher. It 
was found that a single uni-directional wind catcher supplied 
up to 4 ACH. Montazeri and Azizian [10] evaluated the 
performance of a similar wind catcher using wind tunnel and 
smoke testing. A scale model of the ventilation device was 
mounted to a room which was installed beneath the base of the 
ventilation device. Results showed that the one-sided wind 
catcher had the potential to be provide ventilation in urban 
settings.  
Several studies investigated the integration of cooling 
techniques into wind catchers. Bahadori et al. [11] evaluated 
the thermal performance of two designs of wind towers using 
experimental testing. The two designs were one with wetted 
columns, equipped with cloth curtains suspended in the tower 
and one with wetted surfaces was equipped with cooling pads 
at the entrance. The results indicated that the tower with wetted 
column was more effective during high wind conditions while 
the tower with wetted surfaces was more effective during low 
wind conditions. Safari and Hosseinnia [12] used CFD 
modeling to investigate the thermal performance of new 
designs of wind catchers with wetted columns. The numerical 
results showed that the wetted columns with the height of 10 
meters were able to reduce the air temperature by 12 K. 
Bouchahm et al. [13] evaluated the ventilation and thermal 
performance of a similar uni-directional wind catcher 
incorporated to a building using experimental analysis. Clay 
conduits were mounted inside the shaft of the device to 
improve the heat transfer and a water pool was situated at the 
bottom of the device.  
Kalantar [14] evaluated the performance of a uni-
directional wind catcher with evaporative cooling in the hot 
region of Yazd using CFD. It was found that the wind catcher 
was able to reduce the air temperatures by 10 to 15°C at its 
optimum performance. Using the same CFD method, Calautit 
et al. [15] compared the thermal performance of an evaporative 
cooling and heat transfer device assisted cooling for traditional 
wind catchers. The study concluded that height was not a factor 
for the HTD integrated design, making it viable for commercial 
wind catchers.  
 Commercial wind catchers are based on the same 
principles but have been adapted for contemporary use. The 
use of commercial wind catchers is now widespread, 
particularly for buildings with high levels of occupancy such as 
schools and office buildings [16]. Commercial wind catchers 
have been subject to a significant amount of research [4, 17-
19]. The optimal design of various components of wind 
catchers has been conducted including the dampers and 
louvers. CFD played a major role in the development of wind 
catchers due to the low computation resources required for the 
design and simulation of prototypes [4]. Complimentary wind 
tunnel experiment of a smaller scale model validates the CFD 
simulation to improve reliability [16, 17]. In-situ testing of 
wind catchers has been undertaken to understand the real world 
application and how successful natural and passive ventilation 
are in delivering ventilation compared to mechanical processes 
[4].  
III. CFD MODELLING 
The basic assumptions for the CFD simulation include a 
three-dimensional, fully turbulent, and incompressible flow. 
The internal and external flow was modeled by using the 
standard k±epsilon turbulence model, which is a well-
established method in research on natural ventilation [4, 17-
19]. The CFD code was used with the Finite Volume Method 
(FVM) approach and the Semi-Implicit Method for Pressure-
Linked Equations (SIMPLE) velocity-pressure coupling 
algorithm with the second order upwind discretisation [4]. The 
governing equations are detailed below: 
Mass conservation: 
.1 ߲ ߩ߲ݐ + ׏ × ሺߩݑሻ = 0   
 
(1) 
Where ߩ  is density, t is time and u refers to fluid velocity 
vector. 
Momentum conservation: 
 ߲ሺߩݑሻ߲ݐ + ׏ × ሺߩݑݑሻ =  െ׏p + ɏg + ׏ × ሺߤ׏ݑሻ െ ׏ × ߬ݐ  (2) 
Where p is the pressure, g is vector of gravitational 
acceleration, 
߲ሺߩݑሻ߲ݐ ׏ ሺߩݑݑሻ െ׏ ɏ ׏ × ሺߤ׏ݑሻ െ ׏ ߬ݐ is molecular dynamic viscosity and ߲ሺߩݑሻ߲ݐ ׏ ሺߩݑݑሻ െ׏ ɏ ׏ ሺߤ׏ݑሻ െ ׏ × ߬ݐ  is the divergence of the turbulence stresses which accounts for 
auxiliary stresses due to velocity fluctuations. 
Turbulence kinetic energy: 
1 
߲ሺߩ݇ሻ߲ݐ + ׏ × ሺߩ݇ݑሻ =  ׏ × ൣߙ݇ߤ݂݂݁׏݇൧ + ܩ݇ + ܩܾ െ ߩߝ  (3) 
Energy dissipation rate: 
.1 




߲ሺߩ݇ሻ߲ݐ ׏ ሺߩ݇ݑሻ ׏ ൣߙ݇ߤ݂݂݁׏݇൧ + ܩ݇ + ܩܾ െ ߩߝ stands for source of turbulent kinetic energy due 
to average velocity gradient, 
߲ሺߩ݇ሻ߲ݐ ׏ ሺߩ݇ݑሻ ׏ ൣߙ݇ߤ݂݂݁׏݇൧ ܩ݇ + ܩܾ െ ߩߝ is source of turbulent kinetic 
energy due to buoyancy force, 
߲ሺߩ݇ሻ߲ݐ ׏ ሺߩ݇ݑሻ  ׏ × ൣߙ݇ߤ݂݂݁׏݇൧ ܩ݇ ܩܾ െ ߩߝ and ߲ሺߩߝሻ߲ݐ ׏ ሺߩߝݑሻ  ׏ × ൣߙߝߤ݂݂݁׏ߝ൧ ܥ ߝ ݇ߝ ሺܩ݇ ܥ ߝܩܾሻ െ ܥ ߝߩ ݇ߝ are turbulent Prandtls 
numbers, 
߲ሺߩߝሻ߲ݐ ׏ ሺߩߝݑሻ ׏ ൣߙߝߤ݂݂݁׏ߝ൧ + ܥ1ߝ ݇ߝ ሺܩ݇ ܥ ߝܩܾሻ െ ܥ ߝߩ ݇ߝ, ߲ሺߩߝሻ߲ݐ ׏ ሺߩߝݑሻ ׏ ൣߙߝߤ݂݂݁׏ߝ൧ ܥ ߝ ݇ߝ ሺܩ݇ ܥ ߝܩܾሻ െ ܥ2ߝߩ ݇ߝ and ߲ሺߩߝሻ߲ݐ ׏ ሺߩߝݑሻ ׏ ൣߙߝߤ݁ ݂׏ߝ൧ ܥ ߝ ݇ߝ ሺ ݇ + 3 ߝ ݇ߝ are empirical model constants. 
The CFD analysis was carried out using the ANSYS Fluent 
software. A flow domain representation of the physical 
geometry of the wind catcher design under investigation is 
shown in Figure 3a. The macro-climate with the height, width, 
and length of 5, 5, and 10 m was created to simulate the 
outdoor wind velocity. Furthermore, the wind catcher device 
was incorporated to a test room (micro-climate) with the 
height, width, and length of 3, 5, and 5 m representing a small 
classroom of 15 people [20]. The work investigated the cooling 
potential of the proposed system and the effect of the addition 
of the 0.02 m diameter cylindrical tubes on the airflow stream.  
A. Mesh Design and Verification 
A non-uniform mesh was applied to volumes of each of the 
computational models [21]. The mesh arrangement consisted of 
4 million non-uniform mesh elements. The generated 
computational mesh of the wind catcher and room model is 
shown in Figure 3b. The grid was modified and refined 
according to the critical areas of interests or values in the 
simulation. The size of the mesh element was extended 
smoothly to resolve the sections with high gradient mesh and to 
improve the accuracy of the results of the velocity fields. The 
inflation parameters were set according to the complexity of 
the geometry face elements in order to generate a finely 
resolved mesh normal to the wall and coarse parallel to it [19]. 
 
Figure 3.  (a) Wind catcher inside the wind tunnel (b) computational mesh.  
Mesh verification was used to validate the programming 
and computational operation of the model [19]. The grid was 
evaluated and refined (from 4 million to 7 million mesh 
elements) until the posterior estimate error became 
insignificant between the number of elements and the error 
indicator. The maximum error for the average velocity was 
4.38 %. The discretisation error was found to be the lowest at 
over 7 million cells for the indicated variable. The applied 
boundary conditions were kept constant throughout the 
simulation process to ascertain precise comparison of the 
posterior error estimate.   
B. Boundary Conditions 
Figure 4 shows the physical domain containing the macro-
climate and micro-climate fluid volumes. A wall boundary 
condition was used to create a boundary between each region. 
The macro-climate fluid volume, used to simulate the external 
velocity of the flow field, generated velocity into the wind 
catcher. In order to generate velocity for the flow, a horizontal 
plane was used as a velocity inlet, while the opposite boundary 
wall was set as the pressure outlet. Boundary conditions for the 
numerical modeling of the flow were chosen to be the same as 
the conditions in the wind tunnel during the experiment. A 
uniform velocity inlet profile was used. For the analysis of the 
wind catcher with HHTD, the external air temperature was set 
to 318 K to simulate a hot outdoor environment. In order to 
cool the induced air, wall temperature of 293 K was applied to 
the surfaces of the Heat Transfer Device. 
 
Figure 4.  Flow domain of the CFD model showing the boundary conditions. 
IV. EXPERIMENTAL SETUP 
A 1:10 scale model of the uni-directional wind catcher was 
used in the experimental study. The investigation was 
conducted in a closed-loop wind tunnel in the building physics 
laboratory of the School of Civil Engineering of the University 
of Leeds [22]. The wind tunnel has a test section of the height, 
width, and length of 0.5, 0.5, and 1 m (Figure 5). According to 
the dimensions of the 1:10 model and the wind tunnel cross-
section, the wind catcher scale model produced a maximum 
wind tunnel blockage of 4.8%, and no corrections were made 
WR WKH PHDVXUHPHQWV REWDLQHG ZLWK WKHVH FRQ¿JXUDWLRQV >3, 
24]. 
a b 
 Figure 5.  Subsonic wind tunnel system for wind catcher testing [22]. 
In aerodynamic studies, the airflow patterns around a 
structure or a building and thus wind loads on it are a function 
of the Reynolds number. Therefore, wind tunnel testing on 
scaled models should ideally be performed at the same 
Reynolds number as would be experienced by the full scale 
model, thus satisfying the Reynolds number similarity [23, 25]. 
For a 1:10 scale model, the velocity simulated inside the wind 
tunnel should be about 10 times the speed of wind at full scale. 
Strict scaling of wind Reynolds number for the simulated flow 
is generally not possible for wind tunnel model testing of 
building, even in the largest, high speed and most expensive 
wind tunnels. However, the equality of Reynolds number is not 
necessary for sharp-HGJHGVWUXFWXUHSURYLGHGWKDWWKHPRGHO¶V
Reynolds number is not less than 10,000 [23]. The flow 
separation points are fixed at these sharp corner locations 
regardless of Reynolds number, so that wind responses tend to 
be less sensitive to Reynolds number.  
All relevant dimensions of the wind catcher and room 
model were equally scaled down by the appropriate factor to 
achieve geometric similarity [23]. 
A. Experimental Model 
The creation of an accurate scaled wind tunnel prototype 
was essential for the experimental study. Therefore, the model 
of wind tunnel was constructed using 3D printing. Figure 6b-d 
shows the 3D printed 1:10 uni-directional wind catcher scale 
model design The model of the wind catcher was connected to 
a 0.5 x 0.5 x 0.3 m room, which was mounted underneath the 
test section (Figure 7). A single 0.1 x 0.1 m outlet window was 
located at the leeward side of the room. The test room was 
made of acrylic perspex sheet to facilitate the flow visualisation 
of the airflow. In order to test the impact of different wind 
directions, the top plate of the test room was constructed with 
an ability to be rotated in the test section.  
 
Figure 6.  (a) 1:10 three-dimensional CAD model of the wind catcher with 
HHTD (b-d) 3D printed model. 
 
Figure 7.  1:10 test room model with the uni-directional wind catcher.  
B. Measurement Procedure 
The induced airflow into the test room was measured using 
the hot-wire anemometer, which was located below the 
channels of the wind catcher. The cross-sectional area of the 
wind catcher channel was divided into several portions and the 
DLUÀRZ rate through the channel was calculated. Figure 8 shows 
the location of the point inside the channel quadrants at a 
height of 0.27 m from the floor of the test room. The 
uncertainties associated with the air velocity readings, the hot 
wire probe (Testo 425) gave velocity measurements with 
uncertainty of ±1.0 % rdg. at speeds lower than 8 m/s and 
uncertainty of  ±0.5 % rdg. at higher speeds (8 ± 20 m/s). 
 
 Figure 8.  Location of measurement points. 
,Q RUGHU WR UHFRJQLVH WKH ÀRZ SDWWHUQ LQ DQG DURXQG WKH
wind catcher model, smoke tests were carried out. Figure 9 
shows the setup of the smoke visualisation test in the wind 
tunnel. The model was exposed to a free stream air velocity of 
3 m/s to reach a high concentration of the smoke that was 
sufficient for visualisation. 
 
Figure 9.  Wind tunnel smoke testing. 
V. RESULTS AND DISCUSSION 
A. Airflow Distribution  
Figure 10 shows the velocity contours of the cross sectional 
plane in the test room model with the HHTD-integrated uni-
directional wind catcher. As observed, the airflow passed 
around the wind catcher, parts of it entered the channel and 
portion of it exited through the pressure outlet on the left wall. 
After entering the wind catcher, the air speeded up (maximum 
velocity of 1.7 m/s) as it hit the rear wall of the channel and 
streamed downward towards the test room. Separate flow and 
wake region were observed near the lower edge of the opening, 
which caused a sharp variation in velocity in this region and 
reduced the maximum efficiency of the wind catcher. As no 
dampers were available in the simulated model (assumed to be 
fully open), high draft speeds were observed at the centre of the 
room reaching up to 0.95 m/s. The air stream was circulated 
inside the structure and exited the opening located on the other 
side of the room. An average air velocity of 0.28 m/s was 
obtained inside the test room model.  
 
Figure 10.  Velocity contour plot of a mid-plane in the test room with an 
HHTD-integrated wind catcher. 
B. Airflow Supply Rate 
The simulation model was run for different wind speeds 
(0.5 ± 5 m/s). The results of the simulations are summarised in 
7DEOHDQG7KH%XLOGLQJ5HJXODWLRQ¶V$SSURYHG'RFXPHQW
F1A [26] suggests that a minimum air supply rate per occupant 
of 10 L/s per occupant is required for a small classroom of 15 
people. Based on the association of the indoor ventilation rates 
and carbon dioxide concentration [27], many of the studies 
found that ventilation rates below 10 L/s per person affect 
RFFXSDQWV¶ KHDOWK DQG SHUFHLved air quality. In contrast, 
ventilation rates above 10 L/s per person are associated with 
lower risk of Sick Building Syndrome (SBS). The device did 
not meet this recommendation for an external wind velocity of 
1 m/s and lower. However, the system surpasses the 
recommendation exponentially as the external velocity 
increases (2 m/s and above), as presented in Table 1.  




Supply rate L/s/occupant L/s/m2 
0.50 m/s 65.00 4.33 2.60 
1.00 145.00 9.67 5.80 
2.00 325.00 21.67 13.00 
3.00 485.00 32.33 19.40 
4.00 695.00 46.33 27.80 
5.00 840.00 56.00 33.60 
a. 10 L/s/occupant is the recommended rate 
C. Pressure Distribution  
Figure 11 displays the static pressure contour of a cross-
sectional plane inside the test room with the HHTD-integrated 
wind catcher. The left hand side of the streamline plot shows 
the scale of static pressure (Pa). The contour plot in the fluid 
domain is colour coded and related to the CFD colour map, 
ranging from 0.1 to 6.5 Pa (positive pressure) and -0.1 to -6.5 
Pa (negative pressure). The highest pressure was obtained 
when the louvers directed the airflow upwards with a 
maximum value of 5.8 Pa. Negative pressure was observed at 
the leeward and upper side of the wind catcher with a 
minimum value of -6.6 Pa. The average pressure inside the 
micro-climate was 0.37 Pa. The air flows from a high relative 
pressure towards a lower relative pressure. Therefore, when a 
room is under positive pressure, the air supply rate is expected 




Figure 11.  Pressure contour plot of a mid-plane in the test room with an 
HHTD-integrated wind catcher. 
D. Temperature Distribution  
 
Figure 12 illustrates the temperature distribution inside the 
test room with a HHTD integrated into the wind catcher. The 
left hand side of the streamline plot shows the scale of static 
temperature (K). The contour plot in the fluid domain is colour 
coded and related to the CFD colour map, ranging from 293 K 
Û+HTD temperatureWR.ÛRXWGoor temperature). 
The average temperature inside the micro-climate was 310.4 K 
when the temperature of the external wind was set 318 K. The 
temperature was reduced further at the immediate downstream 
of the HHTD with a supply temperature value of 309.2 K. The 
results showed the ability of the ventilation device with HHTD 
in reducing air temperatures. 
Figure 13 shows the effect of varying outdoor wind speeds (1 ± 
5 m/s) on the thermal performance of the HHTD-integrated 
wind catcher. As observed, the cooling performance of the 
HHTD decreased as the speed of the airflow increased. For 
instance, at 5 m/s outdoor wind speed, the air temperature was 
only reduced by 5 K. Significant reduction in temperature was 




Figure 12.  Temperature contour plot of a mid-plane in the test room with an 
HHTD-integrated wind catcher. 
 
Figure 13.  Effect of outdoor wind speed on indoor and supply air temperature. 
VI. VALIDATION OF RESULTS 
Figure 14a shows the comparison between the experimental 
and CFD results for the velocity measurements below the wind 
catcher channel. Good agreement was observed between both 
methods of analysis with the error less than 10% for all points 
except for point 5. The average error across the points was 7.2 
%. Figure 14b compares the CFD and experimental results of 
WKHYROXPHWULFDLUÀRZWKURXJKWKHZLQGFDWFKHUFKDQQHO,QWKLV
¿JXUHWKHIORZGLUHFWLRQLQWKHVXSSO\FKDQQHOis recognised by 
SRVLWLYH DQG QHJDWLYH YDOXHVRI DLUÀRZ $ YROXPHWULF DLUIORZ
rate of 0.6 m3/s was achieved through the supply channel at 0° 
for an external wind speed of 3 m/s. 
 Figure 14.  (a) Comparison between CFD and experimental results of the (a) 
velocity in the supply channel (b) effect of variation of wind direction on the 
supply flow rate. 
Figure 15 shows a comparison of the flow patterns inside 
the test room model between the smoke visualisation and CFD. 
At the point of entry (below the wind catcher), there was a 
higher density of smoke suggesting higher air speeds at this 
part of the room. After entry, the airflow directly hit the floor 
of the test room. Lower air speed was observed at this point, 
the air then spread sideways and upwards in all direction and 
part of it escaped through the outlet located on the left wall. A 
region of highly unsteady and recirculating flow was observed 
immediately at the downstream of the wind catcher. 
   
Figure 15.  Comparison between CFD and wind tunnel flow visualisation. 
VII. CONCLUSION 
Scaled wind tunnel testing and Computational Fluid 
Dynamics (CFD) analysis were conducted to investigate the 
performance of an HHTD-integrated uni-directional wind 
catcher. The 1:10 scaled model of the wind catcher was 
connected to the test room, which represented a small 
classroom of 15 occupants to investigate the velocity and 
patterns of airflow inside the ventilated space. Smoke 
visualisation was conducted to further analyse the detailed 
airflow structure within the wind catcher and also inside the 
test room. An accurate geometric representation of the wind 
tunnel test set-up was recreated in the numerical model. Care 
was taken to generate a high-quality grid to specify consistent 
boundary conditions and to compare the simulation results with 
detailed wind tunnel measurements. The CFD simulations were 
generally in good agreement (0 ± 15 %) with the wind tunnel 
measurements. The findings of the CFD study indicated that 
the wind catcher was capable of reducing the temperature by 
up to 12 K within the micro-climate depending on the external 
velocity of the airstream. At 5 m/s outdoor air speed, the air 
temperature was only reduced by 6 K. Significant reduction in 
the temperature was observed at lower wind speeds (1 ± 2 m/s), 
up to 9.5 ± 12 K reduction. The work displayed the potential of 
integrating HHTD into wind catchers in reducing the 
temperature of the air suplied into the ventilated space.  
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